In this study, the authors experimentally investigate the performance of the organic Rankine cycle (ORC) and screw expander under the influence of supply pressure and pressure ratio over the expander. Three tests were performed with expander pressure ratios of 2. 4-3.5, 3.0-4.6, and 3.3-6.1, which cover the over-expansion and under-expansion operating modes. The test results show a maximum expander isentropic efficiency of 72.4% and a relative cycle efficiency of 10.5% at an evaporation temperature of 101 °C and condensation temperature of 45 °C. At a given pressure ratio over the expander, a higher supply pressure to the expander causes a higher expander isentropic efficiency and higher cycle efficiency in the over-expansion mode. However, in the under-expansion mode, the higher supply pressure results in a lower expander isentropic efficiency and adversely affects the cycle efficiency. The results also show that under the condition of operation at a given pressure ratio, a higher supply pressure yields a larger power output owing to the increased mass flow rate at the higher supply pressure. The study results demonstrate that a screw-expander ORC can be operated with a wide range of heat sources and heat sinks with satisfactory cycle efficiency.
Introduction
The approach of burning fossil fuels to obtain heat for use in thermal processes or power for mechanical drivers has been employed for centuries. However, this burning process produces carbon dioxide, which is a greenhouse gas and is harmful to the environment as it contributes to problems such as air pollution, global warming, and climate change. Reserves of fossil fuels such as oil, coal, and gas are predicted to be depleted within approximately 35, 107, and 37 years, respectively [1] . As a consequence, the prices of oil and gas will increase continually and more drastically through these years. In order to resolve these problems, i.e., to mitigate greenhouse gas emissions and fossil fuel depletion, much effort has been made toward using industrial waste heat and renewable energies for producing electricity.
A variety of low-grade heat sources, such as flue gas, hot water produced during thermal processes, and waste steam, are rejected to the environment because they have comparatively low energy availability and are not very economical. The rejection of low-grade heat sources accounts for 30%-50% of the total energy loss in industries. The recovery and exploitation of such lost energies of low-grade heat sources have then attracted considerable attention from the viewpoint of reducing greenhouse gas emissions and improving energy usage efficiency. Among the available energy recovery methods, the organic Rankine cycle (ORC), which employs low-boiling-point organic fluids, is regarded as one of the most promising candidates because of its simplicity and superior thermal efficiency [2] .
Many studies have been conducted on ORC systems in the past decade; these studies focused on aspects such as optimization of cycle efficiency [3] [4] [5] , selection of working fluids [6] [7] [8] , economic design of the ORC system [2, 9] , proof-of-concept demonstrations [10, 11] , application of waste heat [12] [13] [14] , geothermal power systems [15, 16] , and utilization of solar energy [17, 18] . Results of the aforementioned studies have shown that the key components of an ORC system, such as heat exchangers and expanders, have a significant influence on the system performance. The isentropic efficiency of the expander and the exergy losses of the evaporator and condenser [19] are considered as the most critical factors for optimizing the performance of an ORC system. Effects of degree of superheat at expander inlet was studied with different evaporator type in an ORC system with pure substance as working fluid [20] and an optimum superheat of 40K was explored for an ORC system with mixture R416A as working fluid applied to the waste heat recovery from the diesel engine exhaust [21] .
Power-generating devices used for the ORC can be categorized into volumetric devices [22] (such as reciprocating piston-cylinder devices, scroll expanders [23, 24] , screw expanders [25, 26] , and rotary displacement machines) and dynamic devices (such as axial flow turbines [27] and radial inflow turbines [28] ). Lemort et al. [23] and Quoilin et al. [24] used a scroll expander as an ORC core engine and revealed that the isentropic efficiency of the scroll expander was affected mainly by the pressure ratios across the expander. Among the above-listed expanders, screw expanders were proposed to be candidates for 10-300-kW ORCs. In these studies, it was revealed that the isentropic efficiency of a scroll expander is affected mainly by the pressure ratio over the screw expander, and there exists an optimum expander isentropic efficiency [23, 24] . However, another study shows that the relation between inlet pressure and isentropic efficiency is more complicated [29] . The present study attempts to investigate the influence of the supply pressure and pressure ratio on the performance of both the screw expander and the ORC system. A 50-kW ORC system was designed and constructed, using an oil-injected twin-screw expander as the engine core and R245fa as the working fluid. Three tests were performed, in which the expander pressure ratios were set to 3.3-6.1, 3.0-4.6, and 2.4-3.5 to investigate their effects on the expander performance, system cycle efficiency, and power output.
System Description
A 50-kW ORC, with R245fa as the working fluid, was designed and constructed to convert hot water heat energy (80-125 C) into electricity. The schematic diagram of this 50-kW ORC system is shown in Figure 1 . The main components of this system are a multistage centrifugal pump, a plate-type evaporator, an oil-injected twin-screw expander integrated with an induction generator, an oil separator, an oil pump, and a shell-and-tube-type condenser. Temperature and pressure transducers are arranged at the inlet and outlet of each component. A pickup sensor (logic magnetic pickups) was installed to measure the rotational speed of the generator. A vortex flowmeter was installed at the outlet of the centrifugal pump to measure the flow rate of R245fa, and a multipower meter was used to measure the electricity output, which includes the voltage, current, power, and power factor. The flow rate of R245fa was automatically regulated by the pump, which was controlled by a variable-frequency inverter. The installation positions of these components are indicated in Figure 1 . Table 1 lists the sensor types and their accuracies. The screw expander used in this ORC system was a hermetic oil-injected twin-screw expander. The rotor of the expander was directly integrated into the rotating shaft of the induction generator. The rotational speed of the generator ranges from 3610 rpm to 3670 rpm. The nominal volumetric flow rate of the expander is 410 m 3 /h, and its built-in volume ratio is 4.8 ( Figure 2 ). Figure 3 shows the three-dimensional (3-D) layout and photograph of the 50-kW ORC unit. A boiler with a heat capacity of 1050 kW was employed as the heat supply system. The steam generated by the boiler heated high-pressure water to a temperature of 80-125 C via a plate-type heat exchanger. Then, hot water was supplied to the water side of the ORC evaporator, where R245fa was heated, evaporated and superheated. A 200-RT cooling tower was used as the heat rejection system for the ORC. The coolant water was pumped into the water side of the ORC condenser to condense the superheated R245fa into liquid. The design point of the 50-kW ORC system was set to an evaporation temperature of 105 C (evaporation pressure of 1.411 MPa) and a condensation temperature of 40 C (condensation pressure of 0.250 MPa). The overall efficiency of the pumping system (pump and motor) was 59.8%, the isentropic efficiency of the expander was 75%, and the efficiency of the generator was 92%. A superheated temperature level of 15 °C was set for the vapor working fluid (R245fa) before it entered the expander. The REFPROP 9.0 software was used to calculate the fluid properties. At the design point, the predicted gross power was 50 kW with a cycle efficiency of 9.46%. The volumetric expansion ratio of the expander at the design point was 5.94, and the relative pressure ratio over the expander was 5.5.
To determine the effects of the supply pressures on the expander, and the pressure ratios over it on the performances of both the screw expander and the ORC cycle, the following three tests were intentionally performed by regulating the heat input and heat rejection:
(1) Test 1: The temperature of the hot water was regulated to be in the range of 85-122 C and the flow rate of the coolant water was fixed at 400 LPM (liters per minute). During this test, the cooling fan of the cooling tower was turned off to lower its heat rejection capacity. (2) Test 2: The temperature of the hot water was regulated to be in the range of 90-122 C and the flow rate of the coolant water was fixed at 300 LPM. During this test, the cooling fan of the cooling tower was turned on. (3) Test 3: The temperature of the hot water was regulated to be in the range of 80-118 C and the flow rate of the coolant water was fixed at 1200 LPM. During this test, the cooling fan of the cooling tower was turned on.
All three tests were performed under a fixed hot-water flow rate of 450 LPM. For each test, the temperature level of the hot water was regulated to achieve the heat input level required by the ORC evaporator. To maintain the superheated temperature level of 15 C at the expander inlet, the pump speed was regulated by automatically controlling the evaporation pressure of R245fa by using an inverter. The inlet and outlet temperatures of the cold water were related to the ambient temperature, coolant water flow rate, cooling fan, and heat rejection of the ORC system. Table 2 presents the conditions of the hot water and coolant water in the three tests.
The main difference among the three tests is the design of heat rejection. For a specific hot water temperature, a lower mass flow rate of coolant water will result in a higher condensation temperature in the ORC system. In Test 3, the coolant water flow rate is higher than the other two, so that the condensation temperature will be lower than the other two. In Test 1, the coolant water flow rate is 400 LPM, which is a little higher than that in Test 2. However, the cooling fan is turn off in Test 1, while the cooling fan is turn on in Test 2. This arrangement will result in a higher condensation temperature in Test 1 than in Test 2.
The large range for hot water temperature was designed to get different evaporation temperatures. The temperature of coolant water was varied with hot water temperature. For instance in Test 2, the initial temperature of hot water is 90 °C and the inlet temperature of coolant water is 24 °C, resulted in a evaporation temperature of 74.5 °C and a condensation temperature of 36.3 °C. Then, the hot water temperature was adjusted to 100 °C manually, the evaporation temperature was automatically increased to 84.3 °C, and condensation temperature increased to 38.4 °C because of the higher mass flow rate, and the outlet temperature of coolant water was increased to 37.4 °C due to the higher mass flow rate. 
Theoretical Modeling
Volumetric expanders are characterized by a built-in volume ratio, which is defined as the volumetric expansion rate of the fluid trapped in the closed pocket during the expansion process. Some studies compared the effect of a mismatch between the volume ratio over the expander and its built-in volume ratio, for both a scroll expander and a screw expander [9, 10] . In the "under-expansion mode" considered in these studies, the volume ratio over the expander is higher than its built-in volume ratio. The pressure Pint in the expansion chambers at the end of the expansion process is higher than the pressure Pex at the expander exhaust. In contrast, in the "over-expansion mode", the volume ratio over the expander is lower than its built-in volume ratio. In this mode, the pressure Pint is lower than the pressure Pex.
The work done by an expander in the under-and over-expansion operating modes can be modeled by splitting the expansion process into two sub-processes [9] : isentropic expansion (W1 = hexpd,su − hexpd,int,s) and constant-volume expansion (W2 = Vint (Pint − Pex)). The constant-volume-expansion work (W2) is positive in the under-expansion mode but negative in the over-expansion mode.
The isentropic efficiency of the expander, ηexpd, was calculated for all test data. This efficiency is defined as the ratio of the enthalpy drop (derived from the measured temperature and pressure) to the isentropic enthalpy drop during the expansion process.
ORC is used for heat energy conversion, the evaporation pressure and condensation pressure of circulating working fluid will change to meet the condition of heat source and heat sink. This implies that the pressure ratio over the expander (PI), defined as the ratio of the supply pressure (Psu) at expander inlet and exhaust pressure (Pex) at expander exhaust, is not a fixed value. To investigate the effects of the pressure ratio (PI) over the expander on the isentropic efficiency of the expander, the expander performance was modeled with condensation temperatures (Tcond) of 20 °C, 30 °C, and 40 °C. The isentropic efficiency loss due to the internal leakage of the expander was set as 20%. Other minor losses (such as heat transfer, mechanical loss, and pressure loss) were assumed to be 8%. Figure 4 shows the expander isentropic efficiency ηexpd as a function of PI values of 3-10 and various supply pressures. The maximum isentropic efficiency is attained when PI equals PIbuilt-in. For each value of Tcond, ηexpd decreased sharply with decreasing PI in the over-expansion operating mode, whereas it decreased only slightly with increasing PI in the under-expansion operating mode. At a fixed PI, a higher Tcond corresponds to a higher exhaust pressure (Pex) and a higher supply pressure (Psu). The result shows that the influence of supply pressure on the isentropic efficiency of the screw expander in the over-expansion mode is quite different from that in the under-expansion mode. It can be observed in Figure 4 that the values of ηexpd for a Tcond of 40 °C (corresponding to the highest supply pressure) is higher than those for a Tcond of 30 °C and 20 °C in the over-expansion operating mode, whereas the values of ηexpd for a Tcond of 40 °C is lower than those for a Tcond of 30 °C and 20 °C in the under-expansion mode. It should be noted that the influence of the supply pressure on ηexpd becomes stronger when PI is much higher than the built-in PI. Figure 5a shows the plot of the evaporation temperature Tevap versus the condensation temperature Tcond. Figure 5b shows the plot of the relative evaporation pressure Pevap versus the condensation pressure Pcond. As shown in Figure 5a ,b, for a fixed Tevap, the lowest Tcond and Pcond occur in Test 3 because the coolant-water flow rate is the highest in this test (1200 LPM). On the other hand, the highest Tcond and Pcond occur in Test 1 because this test has the lowest heat rejection capacity because the cooling fan is turned off.
Results and Discussion
Based on the test data shown in Figure 5 , Figure 6 shows the relationship of the pressure ratios (PI) with the volume ratios (VI) for each test. The PI values over the expander in these three tests are in the range of 2.4-3.5 (Test 1), 3.0-4.6 (Test 2), and 3.3-6.1 (Test 3), covering both the over-expansion and the under-expansion operating modes. At a certain VI value, for example, VI = 3.81, the PI value in Test 3 is 3.72, which is higher than that in Test 2 (PI = 3.66) and Test 1 (PI = 3.52). This is because the Pcond in Test 3 is the lowest among that in the three tests and the Pcond in Test 1 is the highest. Figure 7 shows the expander isentropic efficiency ηexpd as a function of PI in all three tests. The data of Test 1 and Test 2 lie in the region of the over-expansion mode, whereas those of Test 3 are spread over both the over-expansion mode and the under-expansion mode.
For all three tests, ηexpd increases with increasing PI in the over-expansion mode. The maximum ηexpd values in Test 1, Test 2, and Test 3 are 71.8%, 72.4%, and 72.5%, respectively. The corresponding PI values for Test 1, Test 2, and Test 3 are 3.5 (VI = 3.8), 4.4 (VI = 4.7), and 5.7 (VI = 6.0), respectively. In Test 3, the PI with maximum ηexpd is slightly higher than PIbuilt-in (PIbuilt-in is 4.7 for Test 3), which implies that the screw expander exhibits optimum performance in the under-expansion mode. This is different from the result shown in Figure 4 wherein the maximum ηexpd is theoretically located at PI = PIbuilt-in; it in fact occurs at a higher PI due to the influence of the supply pressure drop, friction, and irreversibility of flow inside the expander. After ηexpd attains the maximum value, it decreases slightly with increasing PI. According to this result, it is recommended that the PIbuilt-in of the screw expander be set slightly lower than the pressure ratio over the screw expander when designing an ORC system. This will offer two advantages: (1) the optimum expander isentropic efficiency can be achieved at the design point and (2) a significant drop in ηexpd in the over-expansion mode can be avoided.
Figure 7.
Test results of effects of PI and supply pressure on expander isentropic efficiency. Figure 7 also shows that the ηexpd of Test 1 is higher than those of Test 2 and Test 3 at a given PI. This result can be explained by the fact that the supply pressure is highest in Test 1 among the three tests; this result is consistent with the modeling result shown in Figure 6 . Figure 8 shows the measured electrical power as a function of PI. The maximum electrical power of 50 kW was achieved at PI = 6.08 in Test 3, with Tevap = 99.4 C and Tcond = 34 C. The corresponding ηexpd is 68.62%, which is lower than the maximum value. For a fixed PI, the power outputs for the three tests are rather different. As shown in Table 3 , for PI = 3.4, the electrical power output in Test 1 is two times that in Test 2 and four times that in Test 3. This result is attributed to the larger temperature difference, higher expander isentropic efficiency, and higher mass flow rate in Test 1 as compared to those in Test 2 and Test 3. An important characteristic of a positive-displacement expander is the swept volume. The swept volume is fixed for a given screw expander. Therefore, a higher supply pressure will correspond to a higher supply density of the working fluid and will allow a larger amount of R245fa to pass through the expander, which will in turn lead to a larger power output at a constant PI. Figure 9 shows the cycle efficiency ηcycle as a function of PI. ηcycle is defined as the electricity output of the cycle divided by the measured heat input to the working fluid. This efficiency can be affected by the supply pressure (Psu), pressure difference (ΔP), expander isentropic efficiency (ηexpd), and alternator efficiency (ηalt) as follows. 
Among the three tests, at a given PI, the ηcycle value is highest for Test 1. This can be illustrated by the fact that both Psu and ΔP over the expander for Test 1 are higher than those for Test 2 and Test 3, which gives a higher value of (hexpd,su − hexpd,ex,s)/(hexpd,su − hpump,ex) and correspondingly a higher value of ηcycle. Furthermore, the higher Psu in the over-expansion mode is expected to provide an extra gain in ηexpd. On the other hand, in the under-expansion mode, the lower ηexpd corresponding to higher Psu is expected to reduce ηcycle, according to the modeling result in Figure 4 . Power (kW) PI Figure 9 . Effects of PI and supply pressure on cycle efficiency.
Summary and Conclusions
This experimental study investigated the performance of a 50-kW screw-expander ORC system under the influence of varying supply pressures and pressure ratios. Three tests with different coolant-water flow rates were conducted for expansion pressure ratios of 2.4-3.5, 3.0-4.6, and 3.3-6.1. The effects of different supply pressures on the performances of the screw expander and ORC system were reported. Based on the foregoing discussions, the following conclusions can be made.
(1) The isentropic efficiency of a screw expander reaches its maximum value at a PI that is slightly higher than its built-in PI. In the over-expansion mode, the isentropic efficiency drops rapidly with decreasing PI, but in the under-expansion mode, it drops only slightly with increasing PI. It is then recommended to set the built-in volume ratio of the screw expander slightly lower than the system VI to avoid operation in the over-expansion mode. (2) At constant pressure ratios, a higher supply pressure results in a higher isentropic efficiency of the expander and a higher cycle efficiency during the over-expansion operating mode. However, such a pressure will induce a lower isentropic efficiency of the expander in the under-expansion operating mode. (3) The cycle efficiency of the ORC system is affected by the expander isentropic efficiency and the difference between the evaporation temperature and the condensation temperature. At a given PI, a higher supply pressure implies a larger temperature difference and results in a higher cycle efficiency. In the over-expansion operating mode, a higher supply pressure is beneficial because it implies a comparatively higher isentropic efficiency of the expander, which in turn will result in an increase in the cycle efficiency. However, in the under-expansion operating mode, a higher supply pressure will reduce the system cycle efficiency. (4) The power output of the ORC system is determined mainly by the mass flow rate of the working fluid and the cycle efficiency. The influence of the expander isentropic efficiency on  cycle PI the power output is minor. For a higher supply pressure at a given PI, a larger amount of superheated R245fa vapor is allowed to pass through the expander. Moreover, the corresponding higher expander isentropic efficiency and cycle efficiency altogether will result in a higher power output, as demonstrated through the test results.
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